Specific information regarding the relation between infarct thickness and regional systolic function is important to the overall understanding of both the pathophysiology of acute and subacute myocardial infarction and the functional benefits of myocardial salvage interventions designed to limit the transmural extent of infarction and thereby preserve left ventricular function . In the present study, quantitative computer-assisted two-dimensional echocardiography was used to define the relation between infarct thickness and systolic function in the acutely and subacutely infarcted canine left ventricle . Echocardiograms were obtained at the mid-papillary muscle level at baseline and 6 h after occlusion (acute infarction) in eight animals and at baseline and 7 h after occlusion (subacute infarction) in nine animals . Systolic function was assessed by measuring the extent of fractional radial shortening along each of 36 evenly spaced endocardial targets from end-diastole to end-systole ; the transmural extent of infarction was determined from the triphenyltetrazolium chloride-staining deficit at 6 and 7 h .
extent of infarction was analyzed in two ways . First, the extent of fractional radial shortening in each groupwas examined as a function of quartile ( 5%) increments in transmural infarct thickness . This analysis revealed 1) a significant overall loss of fractional radial shortening with increasing transmural extent of infarction in both groups ; and ) significant differences in the extent of systolic dysfunction between successive quartile increments of infarction . Second, the relation between infarct thickness and systolic dysfunction was modeled mathematically by fitting the data from each infarct series to linear, logarithmic and exponential functions . This analysis revealed, for each animal tested, a significant downsloping linear relation between fractional shortening and transmural extent of infarction . Furthermore, the logarithmic and exponential curves generally modeled the data in a fashion indistinguishable from the linear function .
Thus, this experimental study demonstrates for the first time a linear relation between the transmural extent of infarction and the extent of regional systolic dysfunction .
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infarction eventually progresses to involve an average of 50% to 80% of the ischemic region . Although it is logical to consider that there should be a relation, or coupling, between the amount of viable myocardium remaining in the infarct zone and the extent of regional ventricular function within that zone, this supposition has not been supported by a number of studies (4) (5) (6) . Indeed, a recent study (4) suggests that beyond a 0% transmural extent of infarction, there is no relation between the extent of infarction and the extent of regional systolic dysfunction within that zone . Imaging protocol . To ensure that no wall motion abnormalities were induced in the preparation of the model, control short-axis echocardiographic images were recorded from the apex to the base of the ventricle . The preplaced coronary snare was then tightened to achieve complete occlusion . In one group of eight animals, echocardiographic
imaging was performed at 6 h after coronary occlusion (acute infarct series), and in the second group of nine animals, echocardiographic imaging was performed at 7 h after occlusion (subacute infarct series) . At the conclusion of each imaging protocol, the dogs were killed with an overdose of sodium pentothal, and the heart excised for histochemical staining .
Data Acquisition
Echocardiography . Two-dimensional echocardiograms were obtained with an ATL Mark III mechanical sector scanner equipped with a 3 .5 or 5 MHz transducer and stored on 0 .5 inch (1 . 7 cm) videotape (60 fields/s) for subsequent analysis . Echocardiographic images were obtained at the mid-papillary muscle level .
Infarct definition . After removal of the coronary ligature from the excised heart, the left coronary artery was cannulated with a Gregg cannula and perfused with 300 ml of trip henyltetrazolium chloride (TTC) solution ( ,3,5-triphenyltetrazolium, 5 g/ 50 ml 0 .9% saline solution) at a pressure of approximately 85 mm Hg . The right coronary artery was subsequently cannulated and perfused in a similar fashion with 00 ml of TTC . The left ventricular cavity was then packed with gauze, and the heart frozen to facilitate sectioning .
After the great vessels and atria were trimmed, the heart was sectioned transversely into 1 cm sections, such that a mid-papillary muscle slice was obtained that corresponded to the mid-papillary muscle echocardiographic plane . After formalin fixation, the mid-papillary muscle section was photographed, and the slide used for subsequent data analysis .
The region of infarction was defined as the area not stained by TTC (8) .
Data Analysis
Echocardiography . Serial echocardiographic images were recorded at 16 .7 ms intervals, and the echocardial outlines digitized from end-diastole to end-systole using a A fixed as opposed to a floating centroid was chosen on the basis of previous work from our laboratory (9) , which showed that fractional shortening within the infarct zone is spuriously increased when a floating system is used . TTC-defined extent of infarction . The infarct zone of each anatomic mid-papillary slice was defined as the region or regions of the ventricle with any area of TTC-staining deficit . Figure 1 (left panel) demonstrates the method of calculating the transmural extent of TTC-defined myocardial infarction . First, the endocardial center of area was determined for each of the mid-papillary anatomic slices . Second, 36 evenly spaced radians were projected from the center . Third, the extent of infarction was directly measured along each of the rays transecting the infarct zone, and the transmural extent of infarction (TMEI) was expressed as : TMEI = Length (mm) of infarcted tissue along a ray Thickness (mm) of the left ventricular wall along a ray x 100 .
By convention, the ray transecting the midpoint between the two papillary muscles was always designated as 0°, and the remaining rays numbered in a counterclockwise fashion (Fig . 1) . Correlation between systolic function and the transmural extent of infarction . Figure 1 illustrates the method for determining the relation between infarct thickness and systolic function. Because the orientation and registration of the 36 evenly spaced rays was the same for the anatomic and echocardiographic planes, it was possible to directly compare infarct thickness and the extent of fractional radial shortening along like radii .
Correlation between systolic function and anatomic location within the infarct zone . To determine whether the relation between infarct thickness and regional systolic function was influenced significantly by the anatomic location of a given ray within the infarct zone, with the worst systolic function simply at the center of the infarct, we performed a multiple stepwise linear regression analysis in which both infarct thickness and infarct location were ex- The extent of fractional radial shortening was assessed for each of the 36 evenly spaced endocardial targets by measuring the fractional radial change in endocardial ray length from end-diastole (ED) to end-systole (ES) . The relation between infarct thickness and transmural extent of infarction was then determined by comparing infarct thickness and extent of fractional radial shortening along radians with the same orientation . Rarely, because of the effects of translation or rotation, or both, it was necessary to rotate the echocardiographic field so that rays demonstrating obvious dyskinetic wall motion were contained within the TTC-defined zone of infarction . This rotation never exceeded 0°, and was performed in three dogs in the acute series and another three dogs in the subacute series .
amined in relation to regional systolic function . Location of radians within the infarct zone was specified in the following manner . The radian at the anatomic center of the infarct was assigned a value of 0, whereas the two radians on each immediate side of the infarct center were assigned a value of 1 and the next two closest radians to the infarct center were assigned a value of ; this process was repeated until all of the radians were numbered in a similar fashion . The extent of systolic function was then examined in relation to both infarct location and transmural infarct thickness with use of stepwise linear regression analysis . Inter-and intraobserver variability . A detailed description of the errors inherent in the methods of quantitative wall motion analysis employed in this study has been previously published (11) . The best overall estimate of error in a single percent excursion measurement is 5%, and is due equally to 
Results
Hemodynamics . Control blood pressure and heart rate were 96 ± 0 and 115 ± 6 mm Hg and 115 ± 15 and 1 7 ± 14 beats/min for the acute and subacute experimental protocols, respectively . There was no significant difference in either variable over the course of the acute or subacute experimental protocols .
Postmortem anatomic data . Infarctions in both series were largely confluent, with the transmural extent of infarction ranging from 4% to 100% (mean ± SE 56 .5 ± 3 .4) for the acute, and 13% to 100% (mean ± SE 66 .8 ± .6%) for the subacute infarct protocols . There was no significant differ- 
Echocardiographic Data
Systolic function after acute and subacute infarction . An important finding of this study is that the extent of regional systolic dysfunction within the infarct zone is related directly to the transmural thickness of the infarct within that region . Table 1 To exclude the possibility that grouping the data by quartile increments of full myocardial infarct thickness might have led to spurious statistical results, we examined the overall loss of fractional radial shortening as a function of tercile, quintile and decile increments of full myocardial infarct thickness (Table ) . For both the acute and the subacute infarct protocols, analysis of variance indicated that for each analysis performed, there was a significant decline in regional systolic function within the infarct zone, Acute (%) 9 .7 ± . -7 .9 ± .6* -13 .9 ± .1 -0 .6 ± .7* (n = 8) Subacute (%)
8 .4 ± .3 -0 .11 ± .0* -9 .3 ± 1 .8* -15 . ± 1 .4* (n = 9) regardless of the way in which the data were grouped . Thus, it is unlikely that the observed significant overall loss of fractional radial shortening within the infarct zone could be attributed entirely to "arbitrary" grouping of the data .
Relation between infarct thickness and regional systolic function : mathematical models . To determine the characteristics of the coupling between infarct thickness and regional systolic function, the data for individual dogs were modeled as continuous variables and then fit to three different functional formats : the specific hypothesis that a "nonlinear" coupling exists between infarct thickness (x) and systolic dysfunction (y) was tested by fitting both exponential and logarithmic functions (see Methods) to the data ; similarly, a linear function was fit to the data to test the specific hypothesis that a linear coupling exists between infarct thickness and systolic dysfunction . that is, over the observed range of infarct extent in this study, both nonlinear functions described the coupling between infarct thickness and systolic dysfunction as a simple decreasing monotonic (linear) function .
The correlation coefficients, residual sum of squares and standard deviation of the regression analyses for the linear, logarithmic and exponential models of acute and subacute infarction are shown in Table 3 . In each instance, the correlation coefficients for the different models were statistically significant . The goodness of fit for the different models was compared for the cohort of dogs in each infarct series using a repeated measures analysis of variance (1 ) Relation between systolic function and anatomic location within the infarct zone . To be certain that the relation between infarct thickness and regional systolic function was not influenced by the anatomy of the infarct zone, we performed a multiple stepwise linear regression analysis in which infarct thickness and infarct location were examined together in relation to regional systolic dysfunction . This analysis showed that for each dog studied, there was a significant independent correlation between infarct thickness and regional systolic dysfunction, even after correcting for the anatomic location of the infarct segment within the infarct zone .
Discussion
Degree of regional systolic dysfunction versus transmural extent of infarction. In this study, we employed computerassisted two-dimensional echocardiography to define the relation between infarct thickness and regional systolic function after acute and subacute experimental myocardial infarction . The major new finding of this study is that the degree of left ventricular dysfunction within the infarct zone is directly related to the transmural extent of infarction within that region . This conclusion is supported by three lines of evidence . First, when the relation between the extent of infarction and regional systolic function was examined in terms of increments (quartile) in infarct thickness, there was a significant overall loss of fractional radial shortening within the infarct zone (Table 1) , and significant differences in the extent of systolic dysfunction between successive quartile increments of infarct thickness . Thus, with increasing transmural extent of infarction, there was a progressive stepwise loss of fractional radial shortening within the infarct zone . To be certain that grouping the data by quartile increments did not lead to spurious statistical results, the data were also analyzed in terms of tercile, quintile and decile increments of transmural infarct thickness ; the statistical outcome was the same (Table ) .
Second, when the relation between systolic function and infarct thickness was modeled mathematically, there was a significant downsloping linear relation between the transmural extent of infarction and regional systolic dysfunction for each dog studied in the acute and subacute infarct series (Table 3) . To be certain of the validity of this relation, we performed a multiple stepwise linear regression analysis in Table 3 . Linear, Exponential and Logarithmic Models which infarct thickness and infarct location were examined together in relation to the extent of regional systolic function . This analysis showed that, even after correcting for location within the infarct zone, there was a significant independent correlation between infarct thickness and regional systolic dysfunction . Moreover, when exponential and logarithmic curves were fit to the data, both "nonlinear" functions modeled the relation between infarct thickness and systolic function as a simple monotonic (that is, linear) decreasing function (Fig . ) . (5), the relation between infarct thickness and wall thickening was examined in a combined series of animals with coronary reperfusion and permanent occlusion . Given that coronary artery reperfusion results in hemorrhage within the infarct region, with a resultant decrease in compliance of that tissue bed (13), as well as prolonged "stunning" of the myocardium detectable weeks after reperfusion (9), it is not surprising that the mechanical characteristics of the infarct zones in the study by Ellis et al . (5) differed from those in the present study . In the study by Lieberman et al . (4) , no direct mathematical modeling was performed to determine the specific nature of the relation between infarct thickness and regional systolic dysfunction ; thus, data from their study are not necessarily incompatible with the data presented herein . Furthermore, the negative outcome of their study with respect to the relation between progressive wall thinning and incremental infarct thickness may have been related to the number of arbitrarily chosen subdivisions (quintiles) in their analysis of variance . Indeed, in our study, the F values for the respective analyses of variance were inversely related to the number of groups in the statistical model (Table ) . In addition, some of the disparities in the previous echocardiographic studies (4, 5) and our own may be related to differences in experimental methodology, including differences between measurements of endocardial excursion and of wall thickening (14) , differences in the number of radians examined and differences in the postinfarction time periods studied . Systolic function within the infarct zone : sonomicrometer studies . Although studies employing implanted sonomicrometers and echocardiography are not entirely comparable in terms of assessing infarct-related wall motion abnormalities (see later), it is nonetheless useful to ask how our data compare with those from previous sonomicrometer studies . In a long-term infarct study involving five dogs, Theroux et al . (6) observed that the relation between percent scar and active shortening "appeared . . . nonlinear" when this relation was examined at 4 weeks ; however, they presented no further analysis in support of this statement . In contrast, Roan et al . (15) reported a significant negative linear correlation (r = -0 .73) between left ventricular segmental function (wall thickening) and histologic extent of necrosis in the infarcted canine left ventricle . A study by Savage et al . (16) , employing a porcine model of acute infarction, reported a linear relation (r = 0 .87) between segmental wall thickening and percent of "viable myocardium" (defined as 100 -% necrosis) .
Although these latter time studies (15, 16) are in general overall agreement with data from our study, there are distinct differences between implanted sonomicrometers and echocardiography in terms of assessing regional left ventricular dysfunction . The most important difference between the two techniques is that the spatial resolution of sonomicrometers is limited in comparison with that of two-dimensional echocardiography (11) . Given that sonomicrometers can be implanted at I to cm intervals, without precise knowledge of the exact anatomic location of the infarct, sonomicrome-ter studies have generally only measured one to three areas of segmental function within a given infarct zone . In comparison, echocardiography is capable of measuring regional function over the entire span of the infarct . Thus, although the two techniques provide similar information with respect to a specific locus within an infarct, they are not entirely comparable . This distinction becomes particularly important when considering the relation between infarct thickness and regional systolic function within a given infarct . These differences notwithstanding, the results of the present study would appear to confirm and expand on the findings in previous sonomicrometer studies (15, 16) .
The preceding statements must, however, be qualified with respect to the following important point . The mechanical characteristics of any infarct zone are not uniform and may be influenced by a broad variety of biologic factors, including interstitial edema, inflammation, lateral and transmural tethering, collateral blood flow, varying loading conditions and compensatory hypertrophy . Thus, although our data clearly show a significant linear relation between infarct thickness and regional systolic dysfunction, we recognize that no single mathematical equation can even uniquely and precisely describe the exact relation between infarct thickness and regional systolic dysfunction . However, it is worth emphasizing that any limitations imposed by mechanical tethering in the present study should have biased the results away from our conclusions ; that is, if increased infarct thickness resulted in increased mechanical tethering, we would have predicted a nonlinear asymptotic relation between infarct thickness and regional systolic function as opposed to the observed latter relation .
Conclusions . This experimental study shows for the first time that there is a direct relation between the transmural extent of infarction and the extent of regional systolic dysfunction . These findings may have significant clinical importance because the ability of any given myocardial "salvage" intervention to reduce the extent of ventricular dysfunction is determined by the characteristic relation between infarct thickness and regional systolic function . For example, if the functional relation between infarct thickness and regional systolic dysfunction is indeed downsloping and linear, as shown in this study, then interventions that reduce the transmural extent of infarction by even a small amount should result in a concomitant reduction in the extent of regional systolic dysfunction . On the other hand, if this functional relation becomes asymptotic (that is, flat) as infarct thickness increases, then a relatively greater reduction in infarct size would probably be necessary to obtain a meaningful return in contractile function . Extrapolation of our experimental findings to the clinical setting may be warranted, but will require confirmation .
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